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We previously identified a sperm-specific Na�/H� exchanger
(sNHE) principally localized to the flagellum. Disruption of the
sNHE gene in mice resulted in absolute male infertility associated
with a complete loss of sperm motility. Here, we show that the
sNHE-null spermatozoa fail to develop the cAMP-dependent pro-
tein tyrosine phosphorylation that coincides with the functional
maturation occurring upon incubation in capacitating conditions in
vitro. Both the sperm motility defect and the lack of induced
protein tyrosine phosphorylation are rescued by the addition of
cell-permeable cAMP analogs, suggesting that cAMP metabolism
is impaired in spermatozoa lacking sNHE. Our analyses of the
bicarbonate-dependent soluble adenylyl cyclase (sAC) signaling
pathway in sNHE-null sperm cells reveal that sNHE is required for
the expression of full-length sAC, and that it is important for the
bicarbonate stimulation of sAC activity in spermatozoa. Further-
more, both codependent expression and coimmunoprecipitation
experiments indicate that sNHE and sAC associate with each other.
Thus, these two proteins appear to be components of a signaling
complex at the sperm flagellar plasma membrane. We propose that
the formation of this complex efficiently modulates intracellular
pH and bicarbonate levels through the rapid and effective control
of sAC and sNHE activities to facilitate sperm motility regulation.

cAMP � sperm motility

Intracellular pH has long been speculated to play an important
role in both invertebrate and vertebrate sperm motility. In

particular, Na�/H� exchangers (NHEs) have been suggested to
regulate intracellular pH of spermatozoa in various species (1–3).
Both NHE1 and NHE5 are expressed in spermatozoa, but male
mice lacking NHE1 are fertile, demonstrating that NHE1 is not
critical for sperm function (4). The contribution of NHE5 to sperm
motility or male fertility is yet to be assessed.

Sperm-specific NHE (sNHE) is a member of the mammalian
NHE superfamily (5, 6). The sNHE protein is located on the
principal piece of the sperm flagellum and is predicted to contain
14 membrane-spanning helices based on hydropathy analysis (7).
The N terminus of sNHE contains a domain with 10 putative
transmembrane segments that is conserved within the NHE super-
family. The C terminus of sNHE contains a long nonconserved
region (�700 aa residues) presumably located predominantly in the
sperm cell cytoplasm. All of the eukaryotic NHEs that localize to
the plasma membrane have long cytoplasmic carboxyl tails (�300–
700 aa residues), which are thought to regulate the exchanger
activity through changes in phosphorylation and their interactions
with various binding proteins (5). Quite distinct from other mam-
malian NHEs, sNHE contains a consensus sequence for a putative
cyclic nucleotide-binding domain near the C terminus and four
putative transmembrane helices analogous to the voltage-sensing
domain of voltage-gated ion channels (7), implying that sNHE

function could be regulated by cyclic nucleotide(s) and/or sperm
membrane potential.

Numerous attempts to express sNHE in a functional state on the
plasma membrane of various eukaryotic cell lines, including NHE-
deficient fibroblast cell lines, such as PS200 and AP-1, have all
failed, limiting exploration of sNHE function. To determine the
physiological significance of the protein, we disrupted the corre-
sponding gene in mice. Loss of the sNHE gene causes complete
male-specific infertility due to sperm motility failure (7). The
cell-permeable weak base NH3 (delivered as 20 mM NH4Cl)
reverses the motility defect in �20% of sperm cells, suggesting that
lower intracellular pH is at least partially responsible for the motility
defect. Unexpectedly, the most effective means of reversing the
motility failure phenotype is through the addition of cAMP analogs.
Cell-permeable cAMP analogs restore both the percentage of
motile spermatozoa and basal cellular velocities to levels compa-
rable with those of wild-type animals (7).

cAMP has been suggested to mediate signaling for motility
initiation (8). In mammalian spermatozoa, cAMP synthesis is
predominantly controlled by a soluble isoform of the adenylyl
cyclase (sAC) family that is not regulated by G proteins (9, 10). This
sAC form is thought to be regulated by divalent cations, such as
Mg2� and Ca2� (11–13), and physiological concentrations of bi-
carbonate (10, 14).

The sAC gene encodes a Mr �187,000 full-length protein with
low specific activity and a Mr � 53,000 form with higher specific
activity in vitro (9, 15). Both the full-length and truncated forms of
sAC contain two apparent catalytic domains (C1 and C2) that
resemble the catalytic regions of adenylyl cyclases from cyanobac-
teria (10). In humans, additional alternatively spliced transcripts are
known to exist (16). Little is known about the functions and
regulation of the different sAC polypeptides in vivo. The disruption
of the sAC gene causes male sterility and a profound loss of sperm
motility (17). In addition, capacitation-associated changes in ty-
rosine phosphorylation are largely absent in sAC-null spermatozoa
(18, 19). Similar to the sNHE-null spermatozoa, cell-permeable
cAMP analogs rescue these defects.
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The near complete rescue of sNHE-null spermatozoa motility by
cAMP analogs suggests that cAMP metabolism is impaired in the
sNHE-null spermatozoa. In this study, we strove to elucidate the
role of sNHE in the cAMP signaling pathway of spermatozoa by
analyzing the expression and function of sAC in the sNHE-null
sperm cells. We report evidence that sNHE and sAC are associated
in a signaling complex that is essential for the generation of the
cAMP second messenger in spermatozoa. Furthermore, we suc-
cessfully express sNHE on the plasma membrane of mammalian
somatic cells, showing that it is a functional NHE.

Results
sNHE-Null Spermatozoa Do Not Show Capacitation-Induced Protein
Tyrosine Phosphorylation. Cauda epididymal mouse sperm undergo
tyrosine phosphorylation on a distinct set of proteins in a time-
dependent manner when incubated in capacitating medium con-
taining calcium, bicarbonate, and albumin (20, 21). Sperm cells
from wild-type animals showed typical patterns of protein tyrosine
phosphorylation after incubation in capacitating medium reaching
maximal levels by 60 min [supporting information (SI) Fig. 7A Left].
However, in sNHE-null spermatozoa, capacitation-induced ty-
rosine phosphorylation failed to occur even though tyrosine phos-
phorylation of hexokinase (22) was normal (SI Fig. 7A Right). The
addition of a cAMP analog (Sp-cAMP) and a phosphodiesterase
inhibitor (3-isobutyl-1-methylxanthine) restored protein tyrosine
phosphorylation of sNHE-null sperm cells to a pattern similar to
that of wild-type spermatozoa (SI Fig. 7B). Similar results were
obtained with all biologically active cAMP analogs tested in com-
bination with 3-isobutyl-1-methylxanthine (data not shown).

sNHE-Null Spermatozoa Have Reduced Basal cAMP Levels That Are
Insensitive to Bicarbonate Stimulation. Because both the motility
defect and the lack of induced protein tyrosine phosphorylation are
rescued by cell-permeable cAMP analogs, we reasoned that cAMP
metabolism may be impaired in spermatozoa lacking sNHE. In fact,
basal cAMP concentrations were lower in sNHE-null spermatozoa
compared with wild-type sperm cells (Fig. 1A). When caudal
epididymal spermatozoa were diluted into bicarbonate-containing
medium, the cAMP concentrations of wild-type spermatozoa rap-
idly increased (�1 min). Cellular cAMP concentrations subse-
quently decreased within 10 min (presumably due to sperm phos-
phodiesterase activity) but then rose again, reaching maximum
levels by 60 min. (Fig. 1B). Unlike wild-type cells, cAMP concen-
trations in the sNHE-null sperm cells failed to increase in response
to bicarbonate (Fig. 1B).

Adenylyl Cyclase Activity Is Reduced in sNHE-Null Spermatozoa but
Remains Sensitive to Stimulation by Bicarbonate in Broken Cell
Lysates. A number of causes could account for the failure of
bicarbonate to elevate cAMP in sNHE-null spermatozoa, including
extremely low adenylyl cyclase ATP substrate availability, defective
bicarbonate transport, or abnormally high cellular phosphodiester-
ase activity. Null spermatozoa contain normal ATP concentrations
when incubated in bicarbonate-free medium and the phosphodi-
esterase activity (i.e., cAMP hydrolysis) measured in vitro was lower
in sNHE-null sperm cells compared with wild-type cells (SI Fig. 8
and SI Materials and Methods) indicating other causes. We then
examined the in vitro adenylyl cyclase activity in broken cell lysates
for wild-type and sNHE-null spermatozoa. We found that sAC
activity was greatly reduced in the null cell lysates, suggesting a
defect at the level of the sAC protein (Fig. 2). Interestingly, the
residual sAC enzymatic activity in the cell lysates of sNHE-null
spermatozoa demonstrated an �2-fold stimulation by bicarbonate,
as was true for the sAC activity in the cell lysates of wild-type
spermatozoa (Fig. 2 Inset). The equivalent sensitivity to bicarbonate
stimulation of the sNHE-null sperm cell sAC activity measured in
vitro contrasted with the inability of bicarbonate to elevate cAMP
levels in the intact sNHE-null spermatozoa (Fig. 1B).

sNHE-Null Spermatozoa Contain Undetectable Amounts of Full-Length
sAC. The reduced sAC activity in sNHE-null spermatozoa suggested
that sNHE is important for the expression, stabilization, or regu-
lation of the sAC enzyme. A Northern blot revealed no differences
in the amount of sAC transcripts from sNHE-null and wild-type
testes (Fig. 3A). In wild-type sperm cells, a monoclonal antibody to
sAC (R21) (23) detected two major proteins: a Mr �180,000
full-length sAC (sACfl) and a Mr �50,000 truncated sAC (sACt1)
(Fig. 3B), likely representing the two isoforms of sAC reported
previously (9, 15). Although the sACt1 content of sNHE-null
spermatozoa was unchanged relative to wild-type spermatozoa, as
confirmed by using a second monoclonal antibody (R41; data not
shown), the sACfl was greatly diminished or absent. In both mouse
and rat testes, alternative splicing produces two �5.2-kb sAC
transcripts that differ by a 56-bp exon, with one transcript producing
premature termination of the ORF (15). To determine whether the
sAC mRNA encoding the longer sAC isoform (designated full-
length) existed in the sNHE-null testes, we performed real-time
PCR with a primer overlapping the exon present only in the
full-length sAC cDNA and found that sNHE-null and wild-type
testes contain similar levels of full-length sAC mRNA (Fig. 3C).
Recently, other variants of the human sAC were reported (16). A
polyclonal antibody to the human sAC revealed another truncated
form of sAC (sACt2) in both wild-type and null mouse spermatozoa
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Fig. 1. sNHE-null spermatozoa have reduced basal cAMP levels that are
insensitive to bicarbonate stimulation. (A) Sperm cells from wild-type (Wt) and
sNHE-null mice were collected in a bicarbonate-free medium. cAMP content
was measured by using RIA. Data represent the mean � SD (n � 4). (B)
Wild-type and sNHE-null spermatozoa were diluted in a bicarbonate-
containing medium and incubated at 37°C. At each indicated time point, an
aliquot of sperm was collected and analyzed for cAMP content. Data represent
the mean � SD (n � 3).
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Fig. 2. Bicarbonate-stimulated soluble adenylyl cyclase (AC) activity is re-
duced in sNHE-null spermatozoa. Whole-sperm-cell lysates from wild-type or
sNHE-null mice were used to estimate in vitro adenylyl cyclase activity in the
presence of 40 mM NaCl or 40 mM NaHCO3. Data represent mean � SD (n �
4). (Inset) Fold activation by bicarbonate in each experiment was calculated.
Data represent mean � SD (n � 4).
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(Fig. 3D). The specificity of the sACt2 signal was confirmed by
competition of antibody binding with a specific blocking peptide
(data not shown).The intensity of sACt2 also was unchanged in the
sNHE-null spermatozoa (Fig. 3D). Therefore, sNHE-null sperma-
tozoa appear to possess normal levels of truncated sAC isoforms
but lack the full-length protein. Because there is no difference in the
amount of full-length sAC-encoding transcript between the null and
wild-type testes, sNHE expression appears to regulate sACfl ex-
pression at the protein level.

Protein–Protein Interaction and Codependence of Expression for sNHE
and sAC. The requirement of sNHE for the normal expression and
apparent function of sAC (Figs. 1B and 3B) suggests that sNHE and
sAC may interact in spermatozoa. Therefore, their coexpression
might facilitate heterologous expression. Coexpression of sACfl did
not detectably affect sNHE expression (data not shown). However,
sNHE that had failed to express in past experiments was detected
in HEK293F cells coexpressing sACt1, the truncated form of sAC
with high specific activity (Fig. 4A, lane 2). To further enhance
sNHE expression, we hypothesized that the N-terminal sequence of
NHE1, which is primarily a plasma membrane protein in mamma-
lian cells, may increase plasma membrane targeting of sNHE.
Indeed, replacement of the first transmembrane domain of sNHE
with the first three transmembrane domains of the mouse NHE1
produced a chimeric construct that was successfully expressed alone
and even more efficiently when cotransfected with sACt1 (Fig. 4A,
lanes 3 and 4).

sAC protein expression was also enhanced by coexpression of

sNHE (Fig. 4 B and C). Both sNHE and the chimeric sNHE
increased sACfl levels (Fig. 4B, lanes 4–7), whereas coexpression of
NHE1 (Fig. 4B, lanes 8–9) or another sperm-specific protein
sCklfsf-2b (data not shown) did not affect sACfl protein levels. The
sACt1 protein level also was increased when the cells coexpressed
sNHE protein (Fig. 4C, lanes 4 and 5). As a control, coexpression
of sCKlfsf-2b (sCKlf in the Fig. 4C, lanes 6 and 7) or NHE1 (data
not shown) did not affect the sACt1 protein level.

We then examined the interaction between sNHE and sAC by
coimmunoprecipitation experiments using transfected HEK293F
cells. The myc-tagged chimeric sNHE plasmid was cotransfected in
the cells along with empty vector, V5-tagged sACfl, or V5-tagged
sACt1. The immunocomplexes precipitated by anti-V5 contained
myc-tagged chimeric sNHE, suggesting that both forms of sAC
interact with the chimeric sNHE (Fig. 5A Left). The reciprocal
coimmunoprecipitation also worked: myc-tagged chimeric sNHE
protein can pull-down V5-tagged sACfl protein (Fig. 5A Right).

We also coexpressed myc-tagged truncated sNHE proteins,
sNHEC1, or sNHEC2 in HEK293F cells with V5-tagged sACt1.
sNHEC1 contains the last 230 aa of sNHE and sNHEC2 contains
the entire C-terminal tail of the protein plus the last two predicted
transmembrane segments. Although the level of sNHEC1 protein
expression is much higher than that of sNHEC2 (Fig. 5B Lower),
both proteins were present in the protein complexes captured by
anti-V5 antibody (Fig. 5B Upper, lanes 2 and 4), suggesting that the
C-terminal tail of the sNHE protein interacts with the catalytic
region of the sAC protein.
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Fig. 3. The sNHE-null spermatozoa contain no detectable full-length sAC
protein. (A) Northern blot of total RNA (10 �g each) from wild-type, heterozy-
gous, and sNHE-null testes with a mouse sAC cDNA probe (Upper) or a
cyclophilin cDNA probe (Lower). (B) Immunoblot of total sperm cell lysate (2 �
106 cells) from wild-type or sNHE-null mice with R21 monoclonal antibody (200
ng/ml). (C) Full-length sAC transcript exists in sNHE-null testes. (Upper) Loca-
tion of the sense primer (framed) relative to the sAC full-length cDNA. The
gray letters show 29 of the 56 nucleotides that are missing in truncated sAC
cDNA. (Lower) Relative sACfl mRNA levels in wild-type (�/�) and sNHE-null
(�/�) testes determined by real-time PCR. Expression of sACfl mRNA was
normalized to 18S rRNA and is reported relative to that of wild-type testis.
Data represent mean � SD (n � 3). (D) The same blot in B was stripped and
reprobed with anti-human sAC polyclonal antibody (1:5,000).
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Fig. 4. Reciprocal facilitation of expression of sNHE and sAC in HEK293F cells.
(A) Coexpression of the V5-tagged sACt1 enhanced expression of the myc-
tagged full-length sNHE (sNHE) and the chimeric sNHE [N(1–3)s] in HEK293F
cells as determined by immunoblot with anti-myc (1 �g/ml) (Top), anti-V5 (200
ng/ml) (Middle), and anti-tubulin (100 ng/ml) (Bottom) antibodies. (B) Wild-
type and chimeric sNHE enhance V5-tagged sACfl protein expression in
HEK293F cells. (Upper) Total cell lysates (80 �g per sample) were used for
immunoblotting with anti-V5 antibody. (Lower) The same blot was stripped
and reprobed with anti-tubulin antibody. (C) sNHE enhances V5-tagged sACt1

protein expression in HEK293F cells. (Upper) Total cell lysates (80 �g per
sample) were used for immunoblotting with anti-V5 antibody. (Lower) Total
cell lysates (50 �g per sample) were used for immunoblotting with anti-
tubulin antibody. (B and C) The relative intensity of each sAC band was
quantified with NIH ImageJ software.
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The interaction between native sNHE and sAC was then exam-
ined in sperm cell lysates. A polyclonal antibody to sNHE coim-
munoprecipitated a truncated form of sAC (sACt2) and as a
negative control, the preimmune IgG from the same rabbit did not
(Fig. 5C). Because of the limited quantities of R21 and R41
antibodies, we were unable to confirm the interaction between
native sNHE and sACfl or sACt1.

sNHE Is a NHE. Now that we could express detectable sNHE protein
in HEK293F cells (Fig. 4A) with the chimeric sNHE protein
localized to the cell plasma membrane (SI Fig. 9 and SI Materials
and Methods), we determined whether sNHE has NHE activity by
using a NHE-null fibroblast cell line derived from NHE1�/� mice
(O.W.M. and P.M., unpublished data). Expression vectors encod-
ing sNHE or chimeric sNHE were stably transfected into these cells,
and the synthesis of sNHE mRNA was confirmed by RT-PCR (data
not shown) and real-time PCR (Fig. 6A). We detected evidence of
protein expression after immunoprecipitation only in the stable
clones with the highest level of sNHE mRNA [N (1–3)s-b; data not
shown]. These cells survived 1 month of repetitive acid loading
(24–26) that killed control NHE-deficient cells. The NHE activity
of this stable cell line was also measured fluorimetrically by using
the pH-sensitive fluorescent dye BCECF. The negative control cells
showed no NHE activity, whereas the cells expressing chimeric
sNHE displayed modest but consistent NHE activity (Fig. 6B).

Discussion
The disruption of the sNHE gene causes absolute male infertility
and the complete loss of sperm motility. Our new findings

indicate that these effects are the consequence of an intimate
interaction of sNHE and sAC in spermatozoa. The absence of
sNHE severely reduces adenylyl cyclase activity in spermatozoa
providing an explanation for the similarities between the sNHE
and sAC knockout mouse models.

sNHE appears able to directly bind to at least three apparent sAC
isoforms present in spermatozoa. The stable expression of the
full-length sAC protein in mouse epididymal spermatozoa requires
sNHE expression, suggesting that at least these two proteins are
components of a signaling complex. This model is consistent with
the colocalization and association of the sNHE and sAC orthologs
in the sea urchin sperm cell (27, 28) and our own data (unpublished
observations) localizing sAC on the flagellar principal piece. In
contrast, two truncated sAC proteins (sACt1 and sACt2) appear to
be present at comparable levels in the wild-type and sNHE-null
spermatozoa. sACt2 is predicted to contain just one of the two
catalytic domains necessary for cyclase activity and so is unlikely to
be an active enzyme. However, as measured in vitro from overex-
pressing cells or testicular immunoprecipitates (9, 15), sACt1 is an
active cyclase with a specific activity �10-fold higher than the
full-length sAC. Despite the normal amounts of sACt1, sNHE-null
spermatozoa exhibit greatly reduced adenylyl cyclase activity. One
possible explanation for this observation is that the correct assembly
and presence of the apparent sNHE–sACfl complex is required for
the adenylyl cyclase activity of the sACt1 isoform in epididymal
spermatozoa. Alternatively, the catalytically inactive sACt2 may
inhibit the cyclase activity through undefined mechanisms. Our
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Fig. 5. sNHE and sAC coimmunoprecipitate from co-
expressing cultured cells and spermatozoa. (A) Full-
length chimeric sNHE protein associates with sAC pro-
teins. (Left) myc-tagged chimeric sNHE was expressed in
HEK293F cells coexpressing empty vector, V5-tagged
sACfl, or V5-tagged sACt1. Total cell lysates were subject
to immunoprecipitation (IP) with anti-V5 antibody, and
the captured proteins were analyzed by immunoblot
(IB) with anti-Myc antibody. (Right) V5-tagged sACfl

was expressed in HEK293F cells coexpressing empty
vector or myc-tagged chimeric sNHE. Total cell lysates
were subject to immunoprecipitation with anti-myc
antibody, and the captured proteins were analyzed by
immunoblot with anti-V5 antibody. (B) C-terminal tail
of sNHE interacts with sACt1 protein. Myc-tagged C-
terminal tails of sNHE were expressed in HEK293F cells
with or without V5-tagged sACt1. (Upper) Total cell
lysates were immunoprecipitated with anti-V5 anti-
body, and the precipitated proteins were analyzed by
immunoblot with anti-myc antibody. (Lower) Crude
total cell lysates were analyzed by immunoblot with
anti-myc antibody. (C) sNHE interacts with sAC in sperm
cells. Sperm cell lysate was immunoprecipitated with
anti-sNHE polyclonal IgG (lane 1) or preimmune IgG
(lane 2). The precipitated proteins were analyzed by
immunoblot with anti-human sAC polyclonal antibody.
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data suggest that the in vivo regulation of the different sAC isoforms
in spermatozoa is more complicated than previously appreciated
and therefore remains an important topic for future study.

We have shown that the sAC activity present in both wild-type
and sNHE-null sperm cell lysates is similarly responsive to
bicarbonate exhibiting �2-fold stimulation over their respective
basal specific activities. However, unlike wild-type spermatozoa,
intact sNHE-null sperm cells do not elevate cAMP content in
response to bicarbonate. Therefore, sNHE may directly or
indirectly affect sperm cell bicarbonate transport. One hypoth-
esis is that as CO2 diffuses into the cell and equilibrates as H�

and HCO3
�, sNHE may exchange intracellular H� for extracel-

lular Na� to facilitate bicarbonate uptake as reported in both
NHE1 and NHE3 knockout mice (29, 30). Alternatively, it is
possible that the loss of sNHE reduces the activity of a sperm
bicarbonate transporter such as the Na�/HCO3

� cotransporter
reported in mouse and sea urchin sperm (31, 32).

Using two different methods and NHE-null fibroblasts, we have
demonstrated that sNHE is a functional NHE. Because of the
extremely low expression of sNHE and chimeric sNHE in this cell
line, we were unable to distinguish whether sNHE has low exchange
activity compared with other NHEs or simply poor surface expres-
sion and whether sAC/cAMP increases sNHE exchange activity or
only its expression. Previous data suggest that mammalian sperm
cell pH is predominantly set by the activity of Na�-dependent
Cl�-HCO3

� exchanger or Na�/HCO3
� cotransporter as measured by

using pH-sensitive fluorescent compounds (31, 33). We propose
that sNHE may have a spatially restricted role controlling localized
cellular pH changes predominantly in the flagellar principal piece
that are not detected with fluorescent reporters. Therefore, sNHE
may also contribute to the regulation of sAC activity as a result of
the pH dependence of this enzyme (19, 34). Consistent with this
postulated role for sNHE in compartmentalized flagellar pH
regulation is the apparent inability of sNHE-null spermatozoa to

hyperactivate after basal motility and the phosphotyrosine cascade
are restored with cell-permeable cAMP analogs (our unpublished
observations). Because the functional alkaline-activated CatSper
channels required for motility hyperactivation are present in the
sNHE-null spermatozoa, the absence of hyperactivation could
represent the failure of intracellular alkalinization in the flagella of
these cells (35).

In conclusion, we have presented evidence that a molecular
complex including both sNHE and sAC is assembled in mouse
spermatozoa. sNHE appears to modulate cellular sAC activity on
multiple levels, including the stable expression of sACfl, the regu-
lation of bicarbonate transport possibly through an associated
transporter, and by modulating local pH for optimal sAC activity.
In a reciprocal manner, sNHE activity and/or ion-exchange func-
tion(s) may be modulated by sAC activity through the putative
cyclic nucleotide binding motif in the sNHE cytoplasmic carboxyl
tail. Finally, carbonic anhydrase II binds to the cytoplasmic carboxyl
tail of NHE1 (36). We propose that a similar association of carbonic
anhydrase II with the sNHE cytoplasmic tail may exist. Although
speculative, such a signaling complex could very efficiently regulate
intracellular pH, bicarbonate, and cAMP levels, enabling the rapid
and precise control of both sAC and sNHE activities to facilitate
sperm motility regulation.

Materials and Methods
Immunoblot and Northern Blot. Immunoblotting was performed as
described (7). R21 and R41 antibodies were generous gifts from
Lonny Levin and Jochen Buck (both from Cornell University
Medical School, New York, NY). For antiphosphotyrosine immu-
noblotting, the sperm samples were prepared as described by
Visconti et al. (20). The PY-Plus monoclonal antibody was pur-
chased from Zymed (San Francisco, CA), anti-myc monoclonal
antibody was purchased from Upstate BioTechnology (Lake
Placid, NY), anti-FLAG polyclonal antibody and anti-�-tubulin
antibody were purchased from Sigma (St. Louis, MO), and anti-V5
antibody was purchased from Invitrogen (Carlsbad, CA). Restore
Western blot stripping buffer was purchased from Pierce (Rock-
ford, IL). Quantification of the sAC immunoreactivity by densi-
tometry was performed with NIH ImageJ software.

Northern blot analysis was performed as reported (37). The
membrane was probed with a random-primed 32P-labeled probe
(Amersham Biosciences) corresponding to nucleotides 220–2,060
of the mouse soluble adenylyl cyclase cDNA (National Center for
Biotechnology Information accession no. NM�173029) or nucleo-
tides 33–528 of the cyclophilin A cDNA (National Center for
Biotechnology Information accession no. BC083076).

cAMP RIA. Caudal epididymal spermatozoa were released into a
modified bicarbonate-free Krebs–Ringer medium (38) at 37°C.
After being washed, the cells (2 � 106 to 5 � 106 cells per sample)
were incubated in the same medium with 25 mM bicarbonate for
0–90 min at 37°C under 95% air/5% CO2. The reactions were
stopped at different time points by the addition of an equal volume
of 1 M perchloric acid. After five freeze/thaw cycles, cAMP in the
supernatant fluid (12,000 � g for 10 min) was purified and
quantified by RIA (39).

In Vitro Adenylyl Cyclase Assay. Washed caudal epididymal sper-
matozoa were resuspended in buffer containing 50 mM Tris�HCl
(pH 7.5), 1 mM DTT, 1� protease inhibitor mixture (Roche). The
cell suspension was sonicated 10 times for 10 sec with 1-min
intervals on ice. After centrifugation at 13,000 � g for 10 min, the
supernatant fluid was used for the adenylyl cyclase assay as de-
scribed in refs. 15 and 17 with some modifications. Briefly the sperm
cell lysates (10–50 �g) were incubated in a reaction buffer con-
taining 40 mM Tris�HCl (pH 7.5), 6 mM MgCl2, 2 mM ATP, 2 mM
DTT, 10 mM phosphoenol pyruvate, 3 units of pyruvate kinase, and
200 �M 3-isobutyl-1-methylxanthine with 40 mM NaHCO3 or 40
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Fig. 6. sNHE is a NHE. (A) Detection of sNHE mRNA in stable cell lines.
NHE-null cells were stably transfected with empty vector, myc-tagged sNHE, or
myc-tagged chimeric sNHE constructs. sNHE mRNA in these cells was deter-
mined by real-time PCR and compared with that of wild-type mouse testis. The
stable cells were acid-loaded repetitively, and the result is shown below the
graph. (B) The stable cells expressing the highest sNHE message displayed NHE
activity. Representative tracings of sodium-dependent pH recovery after an
acid load in NHE1-expressing fibroblasts and in NHE-null fibroblasts stably
transfected with either chimeric sNHE construct or empty vector. The exper-
iment was repeated three times with three to four replicates per condition.
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mM NaCl for 30 min at 30°C. Reactions were terminated by adding
0.5 ml of 110 mM ZnAc2, followed by addition of 0.5 ml of 110 mM
Na2CO3. The samples were frozen and thawed, and the supernatant
fluid (2,500 � g for 30 min) was fractionated over Dowex and
alumina columns (40). cAMP in the eluant was quantified by RIA
as described above. In all cases, cAMP formation was linear with
time and protein concentration.

Quantitative Real-Time PCR. Real-time PCR was performed in 20-�l
reactions by using iTaq SYBR green supermix (Bio-Rad, Hercules,
CA) on the Prism 7900 HT Sequence Detection System (Applied
Biosystems, Foster City, CA). Signals were normalized relative to
the housekeeping gene 18S-rRNA. The primers used are listed in
SI Table 1. Standard curves were generated by using serially diluted
plasmids containing amplified cDNAs (2 � 102 to 2 � 106 copies
per reaction). The copy number of each mRNA was compared with
that of wild-type mouse testis.

Plasmid Construction and Cell Transfections. Details of the plasmids
used in this study are provided in SI Table 2. For better transient
expression, the inserts of pcDNA3.1/sNHE-myc and pcDNA3.1/N
(1–3)sNHE-myc were subcloned into a minimal vector pCMV (41).

HEK293F cells were maintained in DMEM. NHE-null cells were
maintained in DMEM/F12(50%):DMEM with low glucose (50%).
All media were supplemented with 10% FBS and 1� antibiotic–
antimycotic (Invitrogen). Cells were transfected with Lipo-
fectamine 2000 (Invitrogen). Transiently transfected cells were
harvested 24 or 48 h later for analysis.

Stably transfected cells were split 2 days after transfection and
maintained in a medium containing Geneticin (Invitrogen) for at
least 3 weeks. Individual clones were picked and analyzed. As a
negative control, cells were transfected with empty pcDNA3.1(�)
vector.

Immunoprecipitation. Transfected HEK293F cells were lysed in a
buffer containing 50 mM Tris�HCl (pH 7.5), 150 mM NaCl, 2
mM EDTA, 1% Triton X-100, 0.1% SDS, and 1� complete
protease inhibitor mixture (Roche). Cell lysate was first pre-
cleared with normal mouse or rabbit IgG and protein A/G

PLUS-agarose beads (Santa Cruz Biotechnology, Santa Cruz,
CA) then immunoprecipitated with the appropriate antibody
and protein A/G PLUS–agarose at 4°C overnight. After brief
centrifugation, the beads were washed with the lysis buffer six
times over 3 h. After the last wash, the proteins bound to the
beads were solubilized in 2� Laemmli sample buffer (Bio-Rad).
After denaturation at 65°C for 10 min, the immunoprecipitates
were separated on 4–20% SDS/PAGE gradient gels (ISC Bio-
express, Kaysville, UT) and analyzed by immunoblot.

When using sperm lysate, total sperm protein (500 �g) was
immunoprecipitated with 10 �g of anti-sNHE IgG. As a control, the
same amount of sperm protein was incubated with 10 �g of
preimmune IgG purified from the same rabbit.

Acid-Loading of Stable Cells. Stably transfected cells were acid
loaded as reported (24–26). This selection was repeated every other
day over a 3- to 4-week period.

NHE Activity Assay. NHE activity of the stably transfected cells was
measured f luorimetrically by using the pH-sensitive dye
BCECF-AM as described previously (42). NHE1 wild-type fibro-
blasts were used as a positive control.

Statistical Analysis. Data in Fig. 1 and SI Fig. 8 were analyzed with
Student’s t test. All experiments were performed in accordance
with the animal protocols approved by University of Texas
Southwestern Medical Center Institutional Animal Care and Use
Committee.
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